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ABSTRACT

This document presents information essential to understanding the risk
associated with inter-system loss-of-coolant accidents (ISLOCAs). The method-
ology developed and presenied in this document provides a state-of-the-art method
for identifying and evaluating plant-specific hardware designs, human perfor-
mance issues, and accident consequence factors relevant 1o the prediction of the
15LOCA risk. This ISLOCA methodology was developed and then applied to
a Baboock and Wilcox (B& W) nuclear power plant. The results from this
application are described in detail. For this particular B&W reference plant, the
assessment indicated that the probability of a severe ISLOCA is approximately
2.2E — U6/rexctror-year.
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EXECUTIVE SUMMARY

Inter-system loss-of-coolant accidents
(ISLOCAs) are ‘denufied in some probabilistic
risk assessments (PRAs) as major contributors to
risk at nuclear power plants (NPPs), They can
potentially result in core damage and containment
bypass, which may iead to the early release of
large quantities of fission products. Several oper-
ating nuclear reactors have experienced events
that can be identified as ISLOCA related.

The occurrence of these operational events,
loosely termed “ISLOCA precursors,” have
called into questio he assumptions and bound-
ary conditions typically used in PRAs. The scope
of the questions concerned the ISLOCA fre-
quency of occurrence, the type of potentia! initia-
tors, and the means of identifying and mitigating
this class of accidents. Those questions and the
ope: “nal experience suggest that the risk
assoc ..ad with an ISLOCA may be ia.ger than
previously estimated and that additional measures
may be needed to prevent and/or contro! such
accidents, Therefore, it is necessary to move fully
understand the i1ssues associated with ISLOCA
sequences by formulating and impicmenting a
U.S. Nuclear Regulatory Commission (NRC)
sponsored ISLOCA Research Program.

The NRC's ISLOCA Rescarch Program has
several important obhjectives. These objectives
cover the issues belicved to dominate NPF risks
for the ISLLOCAs, and include providing qualita-
tive and guantitative information on the hard-
ware, human factors, and accident consequence
issues. A risk assessment methodology was
develo; ! to support these objectives. T'his
ISLOCA methodology has been applied to three
pressurized water reactors: a Babcock ar ‘A ilcox
(B&W) plant, a Westinghouse 4-loop plant, and a
Combustion Engineering plant. Thi. report
describes the ISLOCA methodology and also
presents detailed resuits from the application of
the methodology to a B&W plant.

A methodology was developed to perform
gualitative and quantitative evaluations for the
ISLOCA sequences. The steps and their relation-
ship are shown in Figure ES-1. The application of

X1

this methodology 16 the B&W plant was per-
formed by a team consisting of both PRA and
human factors specialists. The important results
ar: displaved in Table ES-1. Insights and
observations that are specific to this reference-
plant analysis are as follows:

e  Significant contributors to the ISLOCA
core damage frequency (CDF) and risk were
identified 10 be the result of human errors.
These human errors were associated with
routine plant opers:‘ons [stroke testing
high-pressure injec...... (HPI) valves] and
during plant mode changes (snutdown),
However, these types of errors have a much
greater probability of being recoversd
befare core damage can occur than de hard-
ware failure irdtiated events,

e  Although the ISLOCA scenarios that are
influenced primarily by hardware failures
are calculated to be significant contributors
to CDF and the risk associated with an
ISLOCA, this observation is not supported
by the operational experience. Catastrophic
failures of check valves known 1o be initially
seated, leak tight, and held closed by a large
delta-pressure are extremely rare (we could
not {ind any reported instances,. The CDF
contribution of hardware failure initiated
events is suspected to be the result of uncer-
tainties in the data. Information on leak
sizes for check valve failures in the avail-
able data is vague and incomplete.

e  The isolation of the break is an important
recovery action during an ISLOCA. The
analysis indicates that hardware is typically
available to isolate these ISLOCA ruptures.
Procedures and training can be upgraded to
improve the likelihood that this hardware
will be used to isolate these breaks and thus
reduce risk.

o A reduction in risk can be achieved by
changes to procedures, fraining, and instru-
mentation. These changes can improve
situational awareness (i.¢., that personnel

NUREG/CR-5604
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g Figure ES-1.  Approach for plant-specific evaluation of ISLOCA.

4 Table ES-1. Plant-damage state frequencies from ISLOCA sequences for a B&W reference-plant

= (frequency per reactor year).
, .
Plant-damage state Frequency Plant-damage state description
‘;
OK-op 1L1IE~02 Interfacing system is overpressurized, but does not rupture.
3 LK-ncd 1.SE-03 Reactor coolant is lost, but is either 100 small 10 be significant
3 or is isolated before core damage occurs (no core damage),
LOCA-i¢ B.9E ~OF Sequence results in a loss-of coolant accident inside
ks containment,
b
: REL -mit 0.0 Core damage, but radioactive release is mitigated
! —
' REL-ig 22E-06 Core damage with a large unmitigated radioactive release.
' Total core damage 2.2E~06 Sum of large and mitigated release frequencies.
frequency
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Assessment of ISLC CA Risks—
Methodology and Application to a
Babcock and Wilcox Nuclear Power Plant

1. INTRODUCTION

The Reactar Safety Study—An Assessment of
Accident Risks in U S. Commercial Nuclear
Power Plants, WASH-1400," identified a class of
accidents that can result in overpressurization and
rupture of systems thar interface with the reactor
coulant system. These events were postulated to
be caused by the failure of the check valves and
motor-operated valves (MOVs) normally used for
system isolation. A subset of these inter-system
loss-of-coolant accidents (ISLOCAs) were called
V-sequences or event V, These sequences were
characterized by the failure of MOVs and/or
check valves, and the rupture of low-pressure pip-
ing outside of the containment building. Some
event-V ISLOCAs were shown to be significant
contributors to risk because the rupture caused
core damage, and fission products bypassed the
containment and were discharged directly to
the environment. Subsequent probabilistic risk
assessments (PRAs), including NUREG- 11507
results for Surry and Sequoyah, have identified
ISLOCASs as important contributors to public
health risk. Researchers at Brookhaven National
Laboratory have evaluated the vulnerability of
reactor designs to an ISLOCA and identified
improvements that would reduce ISLOCA imna-
tion frequency.’#

Recent events at several operating reactors
have been identitied as precursors to an ISLOCA.
These cvents have raised questions about the pre-
viously assumed frequency of occurrence, poten-
tial initiators, and means of identifying and
mitigating this potential accident; suggesting that
the risk associated with an ISLOCA may be larger
than previously estimated and that additional
measures may be needed to prevent and/or con-
trol these accidents. In response to these ques-
tions, a June 7, 1989, memorandum, “Request for
Office of Nuclear Regulatory Research (RES)
Support for Resolution of the ISLOCA Issue,”
was transmitted from Dr. Thomas E. Murley to

Mr. Eric §. Beckjord. The ISLOCA Research
Program described in this report was initiated as a
result of this memorandum.

The objective of the ISLOCA Research Pro-
gram is 1o provide the U.S. Nuclear Regulatory
Commission (NRC) with qualitative and guanti®®
tive information on the hardware, human factors,
and accident consequence 1ssues that dominate the
nuclear power plant (NPP) risk associated with an
ISLOCA. To accomplish this objective, a method-
ology has been developed that is based on PRA,
human factors, and human reliability analysis
(HRA) techniques. This methodology can be used
for the foilowing:

¢  Identify the risk contribution from both
hardware failures and human errors issues
and to develop recommendutions for risk
reduction.

o  Identify the effects of specific types of
human errors and their root causes, on
ISLOCA nsk.

o  Evaluate the fragility of low-presscre
systems exposed to high-oressure, high-
temperature reactor coolant. These evalua-
tons include identification of likely failure
locations and estimates of probabilities of
failure.

e Identify and describe potential ISLOCA
sequences including sequence timing, pos-
sible accident management strategies, and
the effects of possible ISLOUASs on other
equipment and systems.

¢  Estimate the consequences associated with
postulated ISLOCA events, including esti-
mates of source terms and offsite conse-
guences. Again, important issues can be

NUREG/CR-5604
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Introduction

ident’fied and recommendations can be
mrae on possible consequence reduction
actions.

The methodology developed 10 estimate the
core damage frequency (CDF) and risk associated
with an ISLOCA has been applied to three pressur-
ized water reactors: a Babeock and Wilcox (B&W)
plant, a Westinghouse 4-loop ice condenser plant,
and a Combustion Engineering plant. This report
descnbes the ISLOCA methodology and docu-
ments its application to the B&W plant.

NUREG/CR-5604
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Section 2 of this report describes the meth-
odology developed to evaluate the effects of
an ISLOCA, Section 3 contains a description
of the interfacing systems and the p- sible
ISLOCA sequences for the B&W plant being
examined. Section 4 describes the plant-
specific results from the assessment of ISLOCA
at the B&W plant, and Section § contains the
observations and insights based on this
assessment, Appendices A through M of this
report are used to document the details of many of
the evaluations,
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2. APPROACH

A methodology that is based on PRA, human
factors, and human reliability analysis technigues
has been developed for estimating the risk
associgted with an ISLOCA at an NPF. The sieps
in this individual plant methodology are illus-
trated in Figure 1. Subscctions 2.1 through 2.8
briefly discuss each of the steps.

The first step in the development of this meth-
odology was a review of historical plant operating
information publicly available in the United
States. This review included an identification and
evaluation of all of the Licensee Event Reports
(LERs) that (a) involved valve failures resulting
from either hardware or human causes or (b) indi-
cated an ISLOCA had occuried. The results of
this review provided information on the causes
and frequencies of valve failurzs and provided
important insights on the systems mvolved and

the potential causes of ISLOCASs that have
occurred. This information was used to identify
sysl sms 1o be reviewed duning the development
of the events in the event trees, and for quanti-
fication of the failure rites of some interfacing
system valves. Appendix A provides a br.® sum-
mary of the historical experience reiated 1o
ISLOCA events.

Assess Potential For
ISLOCA

2.1

The initial step in the individual plant evalua-
tion approach is to make a preliminary assess-
ment of the potential for an IST.CTA, Hardware
and nperating information on a wide range of
fow- and kigh-pressure interfacing systems must
be collected. This required information inciudes

‘ > M e —— - -
Plant [ l}:‘&'}g‘.acl“[s};gﬁ'\ | 1SLOCA sequence
systems and| sequences e initiation prob.
operations 1 {dentified | estimate (HW,/HRA) i
reviewed . (ETs developed) l " - - !
B :/:' \.‘.‘\
F NG
r £ ¢ -L‘“ -
i Component ! | Local systemi
press. fragilities | pressures |
calculated | caloulated ]
= o 7
S
\\ /'}“
la;l?:gril and tEct!x’nlt.e time .
igation 0 core damage System rupture
probabilities {ia, time avall. me—— yprcb.blut;:es |
estimated | for recovery) | estimated :
i \\\\
- ¢ d |
Radioactive '%r,:qu:gz.;” t
source terms calculated ~ = W
estimated (ETs quantified)] e ISLOCA risk [ Sensitivity |
2 i | exleulsted [~——""™ annalysis |
g Laiwd i Rl
e |
-
’/,/ ;
Conditional | " ,~—---—~~—1--~—~-~~‘
consequences '
caleulated | : Re;sx:‘slit:hl:ndf
Rt e

Figure 1.

Approach for plant-specific evaluation of ISLOCA.

NUREG/CR-5604



Approach

plant procedures, piping and instrumentation dia-
grams (P&IDs), 1sometric drawings, training
manuals, etc. This information must be reviewed
by the team of PRA and human factors specialists
involved in the analysis. This review will allow
them to become familiar with the system: and
nperations that have the potuatial o initiate, pre-
vanl, 27 mitigate an ISLOCA. All systems that
inigrigee with the reactor coolant system (RCS)
mast be identified. The maximum interfacing sys-
tem break size that will not result in core damage
mus! D+ determined. The interfacing systems are
then screened and categorized in terms of this
pipe size gnd the potential for containment
bypass. The interfacing systems are screened
based on (a) systems with pipe sizes larger than a
specified maximum and (b) those systems that
could bypass the containment. The systems that
meet the screening criteria are analyzed further
to identify potential ISLOCA initiators and
sequences. The identified sequences are devel-
oped in sufficient detail to guide a team of PRA
and human factors specialists in obtaining
detailed intormation during an extended plant
visit.

2.2 Gather Detailed Plant-
Specific Information

An extended visit to the plant is necessary to
gather the information needed to complete the
review, development, and assessment of the can-
didate ISLOCA sequences. Members of the team
that developed the candidate sequences will
gather the needed information by interviewing
operations personnel and analyzing the systems
of interest. The types of information that are
obt~‘ned during an extended visit include detailed
information on

e  Hardware that could be involved in
an ISLOCA (i.e.. control valves, relief
valves, piping, flanges, pumps, and heat

exchangers),

*  Procedures and guidelines imposed on plant
personnel during startup, normal power
operation, and shutdown of the plant. Also,

NUREG/CR-5604

detailed information on maintenance and
in-service test practices is required.

¢ Factors that could influence plant personnel
performance as it relates to initiation,
detection, prevention, or mitigation of an
ISLOCA,

2.3 Develop Event Trees

Sfier specific plant information is collected, a
final list of interfaces and sequences is generated
and the detailed analysis begins. This analysis is
performed through a joint effon of the PRA sad
human factors specialists. The sequences are
maodeled using component level event trees that
combine the hardware faults and the human errors
that compose vach sequence. Generally the event
trees comprise three phases:

1. The initiating events, which are those com-
binations of failures, both hardware and
human related, that result in a breach of the
pressure isolation boundary (P1S) and allow
high-pressure RCS water to enter the lower
pressure interfacing system

)

The rupture events that identify the proba-
bility of a rupture in the interfacing system
(size and location)

3. The post-rupture events that identify the
actions and estimate the success of the con-
trol room operators i recovering from an
ISLOCA or in mitigating its consequences.

2.4 Estimate Rupture Potential

The performance of plant components that are
designed for low-pressure conditions and are
exposed 1o the high pressures associated with an
ISLOCA must be assessed. The methodology for
perfornung this assessment is as follows:

*  Anevent tree model of each system is built
that will comipare the estimated failure pres-
sure with the expected local system pressure
for each important component. This model
is constructed and input to the EVNTRE
computer code,’ which was developed for



the NUREG-1150° program, for the assess-
ment of complex event trees.

¢ The failure probability uf each piece of
equipment in the low-pressure raiesd sysiem
is described as a lognormal distribution with
a specified roedian failure pressure and
standard deviation.

¢ The thermal-hydraulic behavior of the vari-
ous =ystems is calculated to ~stimate the
prv. are distributions in the sysiem based
on (&) the expected mitiating event, (b) the
initial primary system conditions, and
(¢) *teexpected performance of relief
valves designed to protect the systems.

e Fach quesiion in the event free is answered
by (1) randomiy selecting a failure pressure
from the failure pressure distribution of the
approprinte companent, and (b) comparing
the selected componen? failure pressure
with a seiected system pressure. The system
pressure is randomly selected based on the
expected oprating conditions and assurming
a normal distribution with an estimated
mean and standard devuation. If the sampled
component failure pressure is below the
sampled system pressure, the component is
assvaned to have failed. Otherwise no failure
is assumed. Each component in the low-
pressure rated svstem is evaluaied in this
manner until /! questions in the event tree
have been examined. This proogss is
repeated approximately 10,000 times in a
Monte Carlo simulation. This sampling is
feasible because of the relatively small size
of the EVNTRE model.

¢ Once the simulation is completed, the out-
put is binned and the relative frequency of
various equipment fatlures can be estimated
(if system overpressunization exists).

The comporent and piping failure pressures
used for the B&W reference-plant rupture cal-
culations were developed esing an independent
structural analyus. This analysis was performed
by Wesley et al.! Not enly were failure pressures
calculated, but expected leak rutes und leak areas

Approach

were calculated as well, In this respect, flanges
exhibit a somewhat unique behavior in that there
are actually three failure pressures of interest.
First, is the estimated gross leak pressure (GLP),
at which a measurable leak area appears, At lower
pressures (starting at some fraction of GLP, Py),
seepage around @ gasket is possible but at very
small rates (measured in mg/sec). Once the GLP
15 exceeded, the bolts in the flange begin to
stretch (elastically) and the Nange surfaces begin
10 separate. At higher pressures (Py), the bolts
begin to yield plastically. A? tius point, large leak
areas begin to appear witk corresponding large
jeak rates. These three pressure regions (hetween
P, and GLP, betweer. GLP and P, and greater
than P,) are associated with three sizes of leaks.
spray leaks, sma'i leaks, and large leaks

2.5 Periorm Human Reliability
Lnalysis

HRA was used to model the importani human
errors for each scenurio in the B&W ISLOCA
PRA. HRA is a methodological 100l that mvolves
the quantitative analysis, prediction, and evalua-
tion of work-oriented human periormance. HRA
can be used to determine which factors in the sys-
tem lead to less-than-optimal human perfor-
muance. As a dingnostic tool, HRA can estimate
the error rate anticipated for individual tasks and
can determine where errors are likely 10 be most
frequent.

The general methodological framework for the
ISLOCA HRA was devised using guidelines
tunder development) from the NRC-sponsored
Task Analysis-Linked Evaluation Technique
(TALENT) Program,” which recommends task
analyses, time-line analyses, and interface analy-
ses as appropriate techniques for use n a detailed
HRA. NUREG/CR- 1278, Handbook of Human
Reliability Analysis with Emphasiy on Nuclear
Power Plan: Applications [which discusses the
techniques for human error rate prediction
(THERP)L* recommends similar techniques and
provides a data base that can be used to generate
human error probabilities (HEPs). Finally, the
ISLOCA HRA integrated the steps from the Sys-
rematic Human Action Reliability Procedure
(SHARP).” and A Guide for General Principles

NUREG/CR-5604



R s Dl T L h T DTl e el e T AL S A 2 A A 2 e o S b

Approach

of Human Action Reliability Analysis for Nuclear
Power Generation Stations (the draft 1EEE Stan-
dard P1082/D7).10

This combinarion of approaches resulted in
11 basic steps to be followed in performirg the
HRA . These cleven steps include the following:

1. Select and train the team on plant functions
and systems (IEEE P1082).19

2. Familiarize the team with the plant (IEEE
P1082).10

3 Ensure that the many possible types of
human actions and interactions are con-
sidered in the analysis (SHARP, IEEE
P1082) %10

4. Build the initial plant model (model systems
and interactions) (JEEE P1082).10

=

Identify and screen specific human actions
that are significant contributors to the safety
and operation of the plant. This was accom-
plished through detailed task analyses, time-
line analyses, observations of operator
performance, and evaluations of the human/
machine interface (SHARP and IEEE
P1082) %10

6. Develop a detailed description of the impor-
tant human interactions and associated key
factors necessury to make the plant model
complete, This should include the key
failure modes, identification of errors of
omission/commission, and review of rele-
vant performance shaping factors (SHARP)
(IEEE P10§2) %10

7. Select and apply the appropriate HRA tech-
nigues for modeling the important human
actions (SHARP) ?

8.  Evaluate the impact of significant human
actions identified in Step 6 (SHARP) Y

9. Caiculate probabilities for the various
human actions and interactiuns, determine

sensitivities, and establish uncertainty
ranges (SHARP and IEEE P1082)%10

0. Review results for completeness and rele-
vance (IEEE P1(%2).10

11, Document all information necessary 1o pro-
vide an audit tran) and to make the informa-
tion understandable (SHARP) Y

Because most of the human actions in this
HRA involved the use of various aormal,
abnormal, and emergency operating procedures,
THERP-type HRA event trees® were used to
model most of the human actions in the detailed
analysis. However, not all ISLOCA scenarios
were best represented by these THERP event
trees alone. In those cases, HRA fault trees were
used in conjunction with the typical THERP
event trees, Detailed analyses were conducted
using the fault trees and THERP event trees 1o
estimate the probability of human error for each
of the dominant human actions.

These event trees traditionatly model human
performance through the use of a diagram iike that
shown in Figure 2, with aperator error generally
placed along the descending right branches of the
event tree and successful operator actions
sequenced on the left side of the tree. For example,
on the top left, event a (operators select RCS small
leak procedure BW-OP-2522) is the success path,
Failure to accomplish this task is modeled as event
A (operators fails 1o select small leak procedure).
When a second operator is involved, such as in
event B (second operator fails to select small leak
procedure), the action of this second operutor may
be modeled in a recovery branch, as shown in Fig-
ure 2. Simce the second operator is in the control
room in this scenario, the operator also has an
oppostunity to select BW-OP-2522, the small leak
procedure. If successful, this becomes a recovery
action because it would bring the maodel back tothe
success path (via the dotted lines in Figure 2).

Individual error branches en each of the HRA
event trees {(see Appendix E for details) were
quantified using technigues from THERP,
NUCLARR,'" and engineering judgement.
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a-0 ors select BW- A - operators fall to
P.2522 smali e select BW-OP-2522
. Operat B - 2nd operator
,,,,,,,,,, fails to select
“aver BW-OP-2522
c- C  rerators fail to determire leak
.y makesup/letdown mismatch
d-2nd
D - 2nd operator fails to
determine legk by makeup-
letdown mismatch
e - Operators evaluate recent E - Operators fall to eveluste recent plant
W to de- nd “Evolutions to determine possible probiem
RO pre; F - 2nd operator 1 t pi
blem (recent stroke 0 - 030 mm': or falls Yo evaluale recent piani
test) i ..."%:;‘MV!'...
” concl - Operators fail to conclude ISLOCA
-2 'g‘c"{‘,,,,,, ::' based on prior tasks

ISLOCA

Figure 2.

Specific human actions were assigned an estimate
of a basic or unmodified HEP. These basic HEP
estimates were then revised using performance
shaping factors (PSFs) to realistically describe
the work process at the plant, Each PSF was
gither positive or negative and accordingly, either
decreased or increased the likelihood of a given
human error. For example, an anulog meter, such
as a pressure gauge, which does not have easily
seen limit marks, may be judged to have a nega-
tive PSF, and there would be a higher probability
for human error in reading the gauge. Individual
PSFs were derived from the task analyses, time-
line analyses, evaluation of the human/machine
imterface, and direct observations of operator per-
formance. They are presented as part of the
ISLOCA Inspection Report.\?

Specific PSFs that were investigated include
¢  The quality of the human/machine interface

e  Written procedures {emergency, abnormal,
mamtenance, e, )

. P&IDs

H - 2nd operator falls to conclude

HRA event tree for HDA2-MU (operators fail to diagnose ISLOCA).

e Response times for systems and personnel
¢  Communication requirements

e  Determination of whether the operator
actions were skill, rule, or knowledge-based

o Crew experience

¢ Levels of operator stress in different
scenarios

e  Feedback from the systems in the plant
o  Task dependence and operator dependence

. Location of the task (control room, auxihiary
buildir g, etc.)

e  Trainiag for individual operator actions
including those required for ISLOCA
situations.

Finally, all possible failure paths (1.e.,
sequences that included either single or multiple
human errors leading to a failure of the action
modeled by the HRA tree) were identified and
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ased 10 estimate the total failure probability for
the action modeled in the HRA tree, in accor-
dance witk: the THERP guidelines. As depicted
by Figure 2, each human error event tree may
have several unique error paths, For example,
event A and event B constitute an error path in
which the first reactor operator (RO) fails 10
select BW-OP.-2522, the small leak procedure
(event A). This error action is faliowed by the
faihire of a second RO 1o select the same proce-
dure (event B). In & similar manner, failure path
A-b-C-D models a sequence where the RO fals
to select the small leak procedure, the second KO
recovers from this eiror by correctly selecting
BW-OP-2522 (event b), saly to have both ROs
fuil at actions C and D, the steps that wou'd deter-
mine if there was a leak by comparing the rate of
makeup to the rate of letdown. Probamlities for
each umque error path were calculated by mulu-
plying each HEP on a given error path by other
HEPs on the same path. For example, the error
rai¢ for path A-B wouid be calculated by multi-
plying the HEP of failure A by that for failure B,
resulting in a nominal HEP for that specific path.
Other error paths for this event tree include A-b-
¢-E-F, a~c-E-F, and a-C-I, etc. The individual
emor path failure probabilities were then summed
to give the total event tree failure probability.
Comprehensive detaifs of this process are
provided in Appendix D and Appendix E for
each event, and the results are summarized in
Section 4.2

Comparisons were made between the ISLOCA
HRA methodology and other recent PRA/HRA
efforts, Specifically, the HRA for Sequoyah
Unit-1,"3 one of the five plants selected as part of
the NUREG- 1150 effort,® was used. Although
Sequoyah is a Westinghouse plant and not a
B&W plant, the HRA techniques are independent
of the plant type. Sequoyah was chosen because it
is typical of the latest generation of NRC-
sponsored PRAs. The following observations are
based on this comparison:

¢  Both the B&W ISLOCA and Sequoyah
HRA analyses identified latent human
erTors.

NUREG/CR-5604

Both sets of analyses made use of quantita-
tive technigues and failure vate probabilities
supplied by NUREG/CR-1278 8

The B&W HRA for ISLOCA makes use of
& “multimethod” approach to HRA| incor-
porating HCR quantification techmques, as
well as N'ICLARR and THERP values for
deriving HEP estimates. The Sequoyah
analysis made use of only one method.

The B&W HRA for ISLOCA suggests that
HRA (or THERP type) event trees can be
used in conjunction with HRA fault trees to
deve.op accurate models representing
sequences of human error actions.

Both HR A analyses accounted for antic-
ipated stress levels in everyday work
ENVIronments.

Both the Sequoyah and the ISLOCA HRAs
used rates that were reflective of the ade
quecy of procedures associated with key
maintenansy and operations actions. Both
“tedies identified human actions at the fault
and event tree level. Section 4.8-2 of the
Sequoysh PRA notes that “all errors identi-
fied were errors of omission.”'3 Errors
identified in the HRA for ISLOCA went
beyond this and quantified various errors of
commission (see Appendix E).

Both sets of analyses postulated human
action scenarios mvolving valve restorati n
after maintenance or inservice test, The
Sequoyah analysis looked at miscalibration
errors as contributing to core mel* prob-
abilities. This type of error did not figure
as prominently f ; the B&W ISLOCA
scenarios where improper valve lineups
dominated.

Valve misposition errors were of omission
type only in the Sequoyah analyses, both
cmission and commission errors were
accounted for in the R&W HRA.

in the Sequoyah analysis, errors wer
assessed to be insignificant if valve position



was annunciated in the conr  * room. For
one ISLOCA scenario, there 18 no ammnci-
ation available for HP-27 und HP-29 (local-
manually operated valves).

o For analysis of post initiator operator
actions, the Sequoyah analysis made use of
emergency contingency action {ECA) proce-
dures ror Westinghouse plants. Furthermore,
as part of the ground rules, it was assumed
that operators would read each step in the
appropriate procedure and then perform that
step properly. At the reference B&W plant,
there are no ISLOCA procedures available,
and it is assumed, until data are discovered to
the contrary, that there i1s an inherent
backgreound error rate in the reading and
execution of procedures.

e The B&W ISLOCA HRA incorporated PSFs
ino the quantification of HEPs and did an
uncertainty analysis for each HEP using
Integrated Reliability and Risk Analysis
System (IRRAS).' In a’dition. the B&W
HRA for ISLOCA presents a sensitivity
analysis for the case where performance
shaping factors were eptimized.

The findings clearly show that there were simi-
larities and diff .ences between the ISLOCA and
Sequoyah HRA. Although there were similanties,
such as the use of NUREG/CR- 1278 quantitative
techniques and stress levels.® the differences
between the analyses suggest that the B&W
ISLOCA HRA is more comprehensive than the
Sequoyah HRA and extends .urrent HRA efforts
in providing HEP estimates ~ + certain errors of
commission.

2.6 Quantify Event Trees

After the likely sequences are identified and
corresponding event trees developed, each indi-
vidual event in the event tree is quantified. These
event quantifications teok many forms, depend-
ing on the evernt itself. In some instances, a single
failure rate estimate is most appropriate (e.g., for
a single valve failure event). In others a very ¢sm-
plicated mode! development with Monte Carlo

Approach

simulation (as in the case of the ruptare probabifi-
o) 18 required. The event tree is the mechanism
by which all the individual calculations and
estimates are integrated into the ISLOCA model.
Upon generating an estimate for each of the
individual events in the event tree (including
accounting for dependencies and conditional
events), the ISLOCA sequences and scenanos are
quantified. For this particular phase of the B&W
reference-plant analysis, the ETA-T1 PC-based
computer program was used '

2.7 Consequences

The formulation of the consequence methodol-
ogy was guided by the objective to identily issues
and concerns generic to the entire industry. This
objective precluded the performance of a site-
specific ISLOCA consequence analysis for the
reference B&W unit. An appropriate conse-
quence assessment therefore was based on the
demographics of an average plant site and a
source term from a “generic” B&W unit.

The demographics of the plant site are needed
10 provide an estimate of the consequences of an
ISLOCA. The demographic information ased in
the consequence assessment of the ISLOCA meth-
odology is selected to provide a normalized basis
for estimating the risk at a aumber of different
plants. The details on how this is accomplished are
descnibed in Appendix L In general, the normal-
ized consequences basis is developed by lorming
a nation-w’  average site. This average site was
develope wwing the Sandia Siting Study'® and
the wea. -eighted population densities for all
the doc  onted sites. The average population
density w .. then compared to the five sites studied
in the NUREG- 1150 program.? Ultimately, the
Surry piant site was chosen because it most closely
maiched the average population density. The nor-
malization of nsk 1o an average site’s population
i> an approach that should facilitate the drawing of
generic conclusions.

A generic source term was also formulated for
the ISLOCA B&W analysis. The source term was
developed by comparing the B&W unit being
analyzed in this study to other B&W units that
have reported ISLOCA source terms. As a result
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3. DESCRIPTION JF THE B&W REFERENCE PLANT
INTERFACING SYSTEMS

The B&W reference plant modeled in this
generic assessmont began ommercial operons
in the tate 19708, The interfacing syatems of this
unit were used as part of this study. This ref.
eoned BEW : actor is designed Tor a core power
level of 2,772 IWID and a net electrical output
of 906 MWi(e¢'

3.1 Interfacing Systems

All interfucing systems were reviewed te iden
tify tho e syste s that required further evaluation.
Screening cronia dictated that an interfacing pipe
size larger than 1 in. would be evaluated. The dis-
charge from g Figh-pressure, 1-in. pipe bocak, is
about 200 gpm. Leak rates outside of the contain-
ment that exceed 200 gpm ma, be risk sigmificant
because (a) the capacity of the borated water stor-
age tank (BWST) at the reference B&W plant is
approximately 450,000 gal, (b) the capacity of a
single RCS makeup pump is 150 gpm, (¢) the nor-
mal makeup rate to the BWST is 150 gpm, and
(d) conservative estimates indicate that it would
take approximately 10 hours for the plani to
schieve cold shutdown.

Tie screening review also suggested that the
high-pressure injection (HPD) discharge Jines, the
low-pressure ingection (LP1) discharge hines. and
the decay heat removal (DHR) letdown lines
required further evaluation. Figure 3 15 a sche-
matic diagram showing the hardware configura-
tion of the HPI sysiem and Figure 4 provides
similar information for the DHR/LF! sve
Additional details on these systemsarep .o -
Appendix C. The HPI interface com, s fow
separate reactor pressure vessel (RPY) injection
lines, Starting from the RPV, each injection line
contains two check valves that are welded together
{(hence they cannot be individually leak tested), a
normally closed MOV, and the HPI pump dis-
charge check valve. The four lines are identified
by the associated MOV, namely HP-2A (8.C. D).
The HP! A-line is also used for normal RCS
makeup by the makevp and purification system
(MU&P). The MU&P system connects to the HPI

A-line between the two check valves and the
normally closed MOV (HP-2A)

3.2 Possible ISLOCA
Sequences

By examining system interfaces and plant
operational information, PRA and homan factors
specialists developed possible 1ISLOCA interface
sequences. L some cises (1o, the LPI lines), the
sequenves are stnctly hardware doiven; tha is, the
ISLOCA potential is a function of the hardware
fatlure rates of the FIB viives, In other cases (e,
the DHR letdov n lines). the possible ISLOCA
sequences are ttiated by human errors. Table |
summarizes the ISLOCA sequences identified for
the B&W plant analysis

3.2.1 LPI Sequences. Only a single ISLOCA
sequence was identifed for the LPL interface,
Because of the ab ~ce of routing operations
associated with system, this sequence
comprises th: * hardware related check
valve fetlur acractenize the classical
Vosequence

S.2.2 DHR Sequences. Thic DHR system s
used for removing core decay heat when the plamt
operates in shutdown modes 4 or S, This system is
connected to one of the RCS hot legs witha 12-in
pipe, which is isolated by two 1 2-in. motor-
operated gate valves in series (DH-12 and
DH-11). There is also an ¥-in. line wal bypasses
DH-11 and DH-12. It has two local, manually-
operated gate valves in series, which are not
instrumented in any way

There are two possible ISLOCA sequences:
(4) the premature opening of the DHR letdown
line while the plamt is in the process of shutdown
bt not yet in the operating range of the DHR sys-
tem (i.¢., the RCS pressures and lempers.anes are
above approximately 300 psi and 300°F), and
{b) leaving the DHR letdown line open after tie
DHR operating pressure limit has been exceeded
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Description of the B&W Reference Plant Interfacing Systems

Table 1.  List of ISLOCA interface sequences.

Intertace system Sequence desciiption Sequence 1D
LPI {two lines) Har*ware failure of iwo check valves LM
DHR-Jetdown Premature opening of letdown MOVs during shutdown DHR-SD
(shutdown)

DHR-lerrdown Startup with letdown MOV Jeft open DHR-SU
(startup)

HPL (B, C, and Hardware failure of two check valves and stroke test of MOV Hel

D legs)

HPL(Adey) Stroke test of HP-2A and fatlure o1 two check valves MU&P

during plamt stanup. In both situations, the DHR
system s exposed (o high-pressure reactor coolant
that could result in the ruptare of some low-
pressure rited componen.s.

3.2.3 HPI Sequences. During mos! operating
modes, the MU&P system provides cleanup ol
the RCS water and seal injection 1o the reactor
coolant pumps. The normal makeup flows from
the MU&P system through the HPI A-header via
check valves HP-57 and HP-59.

Several features of the reference plant HPI

interface create the potential for an ISLOCA
related scenario. Thoue teatures are as follows:

The HPI pressure isolation check valves in
each injection line (HP-57/59, HP-56/5K%,
HE-48/50, and HP-49/51) aie welded
together. This arrangement prevents leak
testing each valve individually. Therefore, a
successful leak test does not necessanly
confirm that both of the check valves are

NUREG/CR-5604

14

property seated; 1t is possible thut one of the
valves might be improperly scated because
of improper installation or mamenance.

The normally closod HPE-MOVS (MP-2AL B,
C, and D) are stroke 1ested quanerly, When
the HPI A-header valve (MP-2A) 18 stroke
tested, the MU&P system continues \o pro-
vide RCS makeup through that line. When
HP-2A is opened, high-pressure makeup
water backflows to the HPL-pump discharge
chieek valve THP-23;, Once the est is come
pleted, the MOV s closed, and the HPI ling
is vented to the pump recircuiation line
between valves HP-29 and HP- 1556, The
latter valve remains closed during this prove-
dure. However, this same recirculation line is
opened to the BWET for the quanterly HPI-
pump flow test. This process presents an
opportunity for misaligning the recuculation
line after the pump test, and/or HP-2A after
the siroke test, possibly allowing RCS water
1o backflow 10 the BWST.
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1.1 Component and System

Rupture Probabilities
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analy zed 10 caloulate the probability of a rupture
The basic process involved the following. 1a) esti-
mating the pressure capacities for the components
i the inlerfucing system, (b) estimating the local
system pressure generated in the interfacing
sYSom @ o result of an ISLOCA sequence, and
(¢) combining these two estimates in a stress/
strength comparison to calcalate a rupture proba-
bility for both the individunl components and (he
entire interfacing sysiem.

Each ISLOCA sequence was exaniinea and the
interfacing system reviewed to identify the
equipment and subsystems exposed (0 pressures
higher than their rated pressures. The cstimation
of realistic rupture pressures for the fluid systom
components that compose the literfacing systems
was performed in a separate analysis by Wesley
et al®

The Wesley et al, results, the local system
pressure estimates, and the rupture probability
calculations are described below.

4.1.1 Pressure Frag'lity Calculations. Thi
section briefly summarizes the work performed by
Wesley et al. in support of the ISLOCA analysis.
The purpose of this work is threefold: (a) devele »
# methodology to assess the pressure capacity of
fluid systems when subject 10 high-pressure and
high-temperature reactor coolant, (b) determine
the leak or rupture pressure capacity and
associated uncertainty for interfacing system com-
ponents, and {¢) identify the likely leak rates and
leak arcas when # rupture 15 predicted.

The methodology 1s described in FPressure
Dependent Fragilities for Piping Components®
and will not be discussed here, except (o identify
some of the basic assumptions made. Foremaost is
the imention 10 generate realistic pressure capaci-
ties. This requirement prompts the use of actual
materiai propertics and test data rather than code
or design specifications. The pressure capacity of
an individual component is assurued 10 be 4 log-
normal random variabie. A lognormal distribution
is used because it has  roven to be a valid descrip-
tion of material properties. The pressure capacity
can also be expressed as the product and quotieni
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B&W Reference Plant Results

of several rundom variables. The central limu
theorem states that this type of aggregate tends (o
be loguormal regardle sy of the mdiy idual distribw-
tions, Lastly, the pressure capacities are caleulated
ASSUMINE Guasi-static pressure and temperatare
conditions, This is based on runs of RELAPS
madels of the interfacing systems, These RELAPS
models calculzte the local system pressure histo-
ries after the pressure wsolation boundary has been
violuted,

All major components in the imerfacing sys-
tems woere evaluaied. This included pipes call of
which are stainiess steel), tarks, vessels, heat
exchangers, flanges, valves (both packing and
bo'ted honnets), and pumps (both the seals and
the casing).

Toe ISLOCA sequences identitica for the
B&W plant comprise both the HP1 and the DHR/
LP1 systems. The components i these systems
were evaluated and the median failure pressures
calculuted, wlong with the uncertainty in the
fatlure pressure estimate. The results from this
analysis ure presented in Tables 2 and 1

Given a pressure capacity estimate and a mea-
sure of the uncertainty in that estimalte, it is pos-
sible to calculate the failure (i.¢.. rupture)
prohability for any internal pressure. The calcuta-
tion is analogous 0 that pedormed for seismic
induced failure ** Specifically, the probability that
the actual failare pressure is below the icternal
pressure is calculated by standardizing the failure
pressure random variable and caleulating the
value of the standard normal (Gaussian) function.
For example, for a 12-in. schedule 20 pipe, the
median fatlure pressure is 1,660 psig, and the
uncertainty (expressed as o logerithmic standard
deviation or “beta™) is .76, The fwilure probability
of that pipe given an internal pressure of
2,100 psig, s expressed as

Prob(PpP) = @((INP) = ENCPY DD

Prob(Pp<2, 100) = @ (N2, 100) — €N H60))
JO.36)

Prob(Pe<2, 100) = d0.65) = 0.742 (1)
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Toble 2.  Pressure fragilities of HPI components.
Median
farlure L ogarithmic
pressure Logatithmic standard
Component Descniption (psi) nean deviation
HCC9) 34an, pipe, schedule 108 2712 7.905 0.36
FE-HP4 Aan. 150 psi flow element 988 6862 0.04
HP-33 Join. swing check valve 5.507 R614 —
pas.2 HPIL pump 1.2 2,250 7,719 0.28
GOCB4 6-in. pipe, schedule 108 1644 7.408 0.36
6GCB4a 6-in. 200 psi flange-a 2,362 1.767 012
60GCR4AL 6-in. 300 psi Nange-b 2,362 7.767 0.12
HP-13 6-in. 300 psi local-manual 2,170 7.682 0.28
valve
GCB-2 4-in. pipe, schedule 108 2,075 7638 0.36
GCB-11 4-in. pipe, schedule 108 2.8 7.638 (.36
Table 3. Pressure fragilities of DHR/LPL components.
Median
failure Logarithmic
pressure Logarithmic standard
| Component 7 Description (psi) mean devianion
GCB-7 124n. pipe, schedule 20 1,660 7418 0.36
DH-1517 12-in. motor operated gate 1,704 7.441 0.20
valve, 300 psi
GCB-§ 18-in. pipe, schedule 20 | 488 7.308 0.36
DH-2733 18-in. motor operated gate 221 773 0.20
valve, 30
HCB-1 18-in. pipe, schedule 108 843 6.737 0.36
HCB-| 14-in. pipe, schedule 108 1.090 6,994 0.36
DH-§1 14-in. swing disk check valve, 1,445 7.276 0.20
150 psi
12-GCB-8 Pipe. schedule 20 1,660 7415 0.36
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Table 3. (continued),
Median
tarlure Logarithmic
pressure Loganthmic standard
Component Description (psi) meun deviation
12GCBa Flange, 300 psi 2250 7719 Ve
12GCBb Flange, 300 psi 2,280 7.719 0.12
12GCBe Flange, 300 psi 2,250 1.719 012
P42 DHR pump 1-1 2,250 1.719 0.20
GOB-1 10-in. pipe. schedule 20 1,984 7.593% 0.36
10GCB1a 10-in. flange, 300 psi 2488 7818 012
DH-43 10-in. swing disk check valve, 2016 7600 0.20
300 psi
DH-45 10-in. hand wheel-oy¢rated 217 7.082 0
globe valve, 300 psi
E2NT DHR heat exchanger tube 432 6068 (T
sheet
E2NP DHR heat exchanger plastic 1.030 6937 023
collapse
E2NC DHR heat exchanger cylinder 1,630 7.396 0.27
ruptiire
E271A DHR heat exchanger 2,030 7616 0.23
asymmeiric head buckling
E271a 1010, out-f, 300 psi 2485 7818 0.12
E271b 10-in. in-f, 300 psi 2483 7818 0.12
GCB-10 6-in. pipe, schedule 108 1,585 7.36X% 0.36
GCB-10 104n. pipe, schedule 20 1,984 7.593 0.36
GCB-10 B-in. pipe, schedule 20 2.503 7825 0.36
DH-128 Bein. swang disk check valve, 1.242 7.124 0.20
300 psi
GCB-2 4-in. pipe, schedule 108 2,075 7.638 0.36
FE-DHZ3 10-in, flow ¢lement, 300 psi 2,488 7818 012
1% NUREG/CR-5604
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where

Py = actuul failure fressure

= local-nternal pressuse

P = median extimated failure
pressure

i = logarithmic standard deviation of
Py [standard deviation of the cor
responding normal distribution
of Py, 1.e.. standard deviation of
EN(P]

@y = standard normal (Gaussign)
funotion

ENC) = natural Jogarithm,

4.1.2 Estimating Local System Pressures.
Because the interfacing systems contain either
relief valves or are open-ended (1.¢., connected to
the BWST, which is vented to the stmosphere),
exposing them to the high-pressure RCS results in
flow through the system (even before any rupturcs
weeur). Consequently, the pressure drops (some-
tumes significantly) for components further away
from the RCS, Estimating the intermal pressures
prodiced in the interfacing systems was
performed by building and running RELAPS
madels of the interfacing sy stems. Each of the five
ISLOCA sequences postulated (two HPL and three
DHR/LPI) was represented with a RELAPS
model, Only the interfacing system was modeled
it detail. The bourdary parameters (i.¢., RCS
conditions) were modeled as a constant pressure
and temperature. This simplification is only
shightly conservative because of the rapid pressur-
ization of the interfacing system once the pressure
isolaticn valves begin (o open. The pressure in the
interfacing system reaches equilibrium within
approximately S to 7 seconds. The pre ssure reduc-
tion of the primary system resulting from the
blowdown of the primary system during this time
18 likely to be on the order of 200 to 300 psi. This
pressure reduction will have only a small impact
on the potential for [ailure of an interfacing
systems component. Figure 5 shows the steady-

NUREG/CR-5604
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stiate pressure drop through the DHR . as a function
of RCS pressure. The effect of the relief valves m
the DHR system produces a maximum pressure
drop of from 2,200 psi to about 1,400 psi for cer-
lin portions o1 he system. Figure 6 shows the
time-dependent pressure wt various points in the
DHR system for an RCS pressure of 2,200 psi.
Both of these gophs do not include the effect of
any ruptures in the system, only the existing relief
valves,

4.1.3 HP)-Sequences Rupture Probability.
Although they are different in their mitiation and
sequence frequencies, the two HPI sequences
(identified as HP1 and MU&P ¢lsewhere in this
report) are basically dentical with respect 1o the
local system pressures geuerated snad the
cxpecied response of the system components,

The HPLISLOCA sequence is initiated by the
stroke test of the HPLinjection valve (HP-2B/C/D,
see Figure 3) in conjunction with the existing leak-
age of the pressure isolation check valves
(HP-56/58, HP-4%/50. and HP-49/51). However,
in order to threaten lower pressure-rated equip-
ment, additional failures are required. Specifi-
cally, either the HPI pump discharge che 2k valve
(HP-23/22) must fail to close or the vent line to the
BWST must be inadvertently left open (HP-27/26
and HP-29). These two additional failures 'sad 10
the identification of o specific rupture sceaar-
108, which are characterized by an overpressure in
the HPI pump suction line or in the BWST vent
line. These two scenarios were eveluated by build-
ing and running a RELAPS model to estimate the
local system pressures generated by an ISLOCA
sequence.

The BWST vent-iine scenario results in RCS
wates backflowing through the HPILinjection line,
to the HPI full-flow recirculation line, and into
the BWST. The recirculation line contains an
orifice (RO-HP1) that is designed to restrict flaw
to the equivalent of one HPI pump (i.e., about
500 gpm). Mudeling this flowpath using
RELAPS. and assuming that the scenario was ini-
tiated by opening the injection MOV (opening
ume 10 seconds and check valves stuck tn fall
open position), produced a local system pressure
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Figure 6. DHK system pressure response 10 DHR-SD ISLOCA.

prediction of the RCS pressure at which the opera-
tors might inappropriately (1.e., prematurely jenter
into DHR cooling. Consequently, a method was
used 10 weight the pressure-dependent system
rupture probabilities based on the HEP (which was
also assumed to be a function of the RCS pressure)
of prematurely opening tue DHK letdown MOVs
(DH-11 and DH-12), This was done by developing
a discrete probability distribution for the HEP for
premature opening of the DHR isolation valves.
This RCS-pressure dependent probability density
i shown in Figure 7 [this is aor the HEP but a
probability density function of the HEF (1.e., a
probability of a frequency)] Figure 8 displays the
aggregated system rupture probabilities (for large
ruptures, small leaks, and no failures) for the
DHR/LPI system as & function of RCS pressure
(not local system pi. _sure ). Table 4 lists the
individual component failure pressures (median

‘o
o

values) along with an average failure probability
(i.e., averaged over RCS pressares from 300 1o
2.200 psi),

4.2 Human Reliability Analysis

4.2.1 Introduction and O zrview. This sec
tion summarizes the results of the ISLOCA HRA
efforts. Appendix E provides detailed informa-
tion regarding HRA iault trees, event trees,
tabulated HEP values, an. disc assions of the HRA
process. HEPs presented as part of the HRA anuly-
sis are eutimates based upon contemporary © dels
and quantitative techniques. As in any HRA, these
HEPs are not intended 10 stand alone since they are
multiplied by hardware failure uncerta‘nties in
calculations for CDFs, Therefore, individual
HEPs should not be used in isolation singe they
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DHR Letdown System Rupture Probability
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Figure 8. DHR/LPI system rupture probability as a function of RCS pressure.

process at the plant. Finally, possible failure paths
(Le., sequesices that included either single or mul-
tiple human errors leading 1o a failure of the
action mod-led by the HRA tree) were identified
and vombined 1o estimate the total failure proba-
bility for the HRA tree, in accordance with the
THERP guidelines. Individual PSFs were derived
from task analyses, time-line analyses, evaiuation
of the human/machine interface, and direct
observations of operator performance. The
majority of these PSFs were presented in the
ISLOCA Inspection Report for the analyzed
plant.'? Each PSF was seen as casting either a
positive or negative influence on the basic HEP,
that is, as either decreasing or increasing the prob-
ability of failure for a given human action, For
example, some of the po itive PSt's in evalua-
tions of the B&W plant included the following:
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Workload alone was insufficient fo
introduce either initiating events or precur-
sors for ISLOCA

Newly intreduced operating schematics
(coior coded P&IDs with alarms and instru-
mentation highlighted) could prove to be
useful operator aids

Operators” practice of repeating verbal
instruction increases the probability for
effective oral communication

The presence of consistent labeling in the
control room contributes to positive operg or
performance.

Negative PSF findings include the following:

Lack of specific training on 1ISLOCA
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Table 4.  Predicred fuilure probabilities for DHR/LPI components *
Median
fmlure
pressure
Component Descripion (psi) F dure probability
DH-4849 Relief val na n/a
GCB.7 12-in. pipe, schedule 20 1,660 2583k~ 01®
DH-2734 “Vin, motor operated gate valve, 300 psi 2277 S.0E = (4 sm
DH-1817 12-in. motor operated gate valve, 300 psi 1,704 1.3E = 02 sm
GCB 8 [B-in. pipe, schedule 20 | 488 | O72E < O1®
DH-273" 18-in. motor operated gate valve, 300 psi 2217 SOE - 04 sm
HCB- | 18-in. pipe, schedule 108 K43 447E - 01"
HCB-1 14-in. pipe. schedule 108 1,090 2695E~01°
DH-K1 14-in. swing disk check valve, 150 psi 1,445 6.75E = 02 sm
GCB-8 12-in. pipe, schedule 20 660 712602
12GCBa Flange, 300 psi 2,250 0
12GCBb Flange, 300 psi 2,250 0
12GCBe Flange, 300 psi 2,250 0
P42-i DHR pump 1-1 2,250 30E ~ (M sm
GCB-1 10-in. pipe, schedule 20 1,984 3ISE~02
10GCB 1a 10-in. flange, 300 psi 2485 0
DH-43 1040, swing disk vheck valve, 300 psi 2016 2.5E -~ 03 sm
DH-45 10-in. hand wheel-aperated globe valve, 2170 9.0 ~ (4 sm
300 psi
E2NT DHR heat exchanger tube sheel 432 8.546F - 01 (50% sm)®
E271P DHR heat exchanger plastic collapse 1,030 S.OKRE - 02
E271C DHR heat exchanger cylinder rupture 1,630 4 48E ~ 02
E27T1A DHR heat exchanger asymmetric head 2,030 9.2 - (M sm
buckling
E271a 10-in. out-f, 300 psi 2,488 0
E271b 10-in. in-f, 300 psi 2,485 4]
GCB-10 6-in. pipe, schedule 108 1 588 d22E~-mR
GCB-10 10-in, pipe, schedule 20 1,934 2980 -02
GCB-10 8-in. pipe, schedule 20 2,503 7.3E 03
DH-128 R-in. swing disk check valve, 300 psi 1,242 1 42E ~ 01 sm
GCB-2 4-in. pipe, chedule 108 2075 22E~(02
FE-DH2B 1040, flow element, 300 psi 2 485 0

4. Based on a median RCS pressure of 1.250 psi (uniformly distributed between 300 and 2,200 psi). This primary
system dissibution is presented for informational purposes and was not used in the analysis. Based on this, RELAPS

madeling predicted a median system pressure at DH-4849 of 1,18 psia and u median system pressure at DH-2734 of

KiK psia,
b, Indicates a dominant contrityitor 10 the syster rupture probability.
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¢ Lack of proper ISLOCA notes, cautions,
and wamnings in procedures

¢ Lack of awareness that the computer high-
pressure alarm on the HPI line crald be
caused by either leaking check v. ..es or
by the MU&P system operation

o Lack of a valve status board in the control
coom and absence of procedures for
acknowledging computerized alarm-

¢ No main control board alarm or pressure
indication was observed for the DHR
system,

¢ Tagping was mixed, good in some areas and
not as consistent in others,

Fur purposes of this HRA stress *avel was con-
sidered optimal with three exceptic. s (a) when
personnel were sent into containment, (1) when
personnel were atempting 1o isolate the 1SLOCA,

of (¢) when site evacuation was said to occur,
THERP procedures allow for modifying HEP val-
ues as a function of stress level and where such
maodifications are made they are noted.

A detailed HRA was conducted for each oi the
significant scenarios identified in this 1ISLOCA
PRA. In addition, an uncertainty analysis was
done using IRRAS '* The uncertainty analysis
provided both median and upper bound HEP esti-
mates, which were used 1o calculate error factors
(EFs) for respective HEPs, Tables § through 9
summarize the results of these analyses, which
are described in Appendix E. These tables pro-
vide the identifier and description for each sipnif-
icant human error, as well as the mean HEPs and
error factors for each human action. A lower
bound on the failure rate for human actions was
assumed to be 1.0E = 04, This lower bound esti-
mate included the passibility of fecovery actions
by other crew members, and models situations
where there is relatively a long time to respond
(hours) and to recover from the abnormal event.

Table 5. HPI scenario involving quarteriy stroke test for 2A, MUKP flow,

ldentifier Humaza action Mean HEP (EF)
HV1-MU HP vent line open 0.0013(2.94)
HM]-MU HP MOV2A opened for test 1.0

HM2-MU Operators fail to close HP MOV2A 0.008 (2.27)
HV2-MU HP vent line open (per procedure) 1.0

HD2-MU Operators fail to detect ISLOCA 0.0028 (7.4)
HDA2-MU Operutors fail to diagnose ISLOCA 0,006 (14.93)
HIZ-MU Operators fail 1o isolate ISLOCA 0.002 (3) L

Table 6. HPI scenario involving quarterly stroke test, no MU&P flow.

Identifier Human action Mean HEP (EF)
HM 1P HP MOV2B opened for lest 1.0
HVI-HP HP vont line open 00013 (294)
HD2-HP Operators fail to detect ISLOCA 0.0014 (9.5)
HDA2-HP Operators fail to diagnose ISLOCA 0.006 (14,93
HI2-HP Operators fail to isolate ISLOCA 0.002 (3)

NUREG/CR-5604
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Table 7.  Shudown scenario involving premature opening of DH11 and DHI2.

Mean HEP (!if‘)

”_l 3!mhﬁ.¢t Human action
LINLL-SD Operators open DHI1T and 12 100 soon 0.00066 (10.01)
D-SD Operators fail 1o detect ISLOCA L0002 (10.79)
DALSD Operators Tails to diagnose ISLOCA 0.006 (14.91)
1312-8D Operators fail 1o isolate ISLOCA 000K (5)
Table 8.  Startup scenario involving DHR system.
ldenti”ier Human action Mean HEP (EF)
DM I-SU DH-11/12 (MOVs) left open 0002 (3.53)

DDI-SU-AL
DI-SU-AC.D
DM2-8U
DI1-SU-AR

Operatot fails 1o detect overpressure given relief valve opens
Operators fails to isolate RCS (MOVs Jeft open)
DH-21723 (manual valves) led open

Operators fail to isolate RCS (manual valves left open)

00001 (16.4)
00082 (3.0)
0.0062 (4 85)
0013(2.37)

PD1-SUB.D Operator fuils to detect overpressure, given relief valve closed 0.001 (3)

[ 2.8V Operator fails 1o detect ISLOCA 00001 (22.99)
DALSU-A Operator fails to diagnose ISLOCA 052 (1.6)
DAI-SU-B Operator fails o diagnose ISLOCA 0.59{1.5)
DAL-SULC Operator fails to diaguose ISLOCA 062925
DAL-SU-D Operator fails 10 diagnose 1ISLOCA 043(19)
DI2-SU-AB Operaier fatls 1o solate ISLOCA 0.113(4.26)
D12 SU-C.D Operator fils to isolaw 1§LOCA G016 (2.99)

Table 9. LPI system ISLOCA scenano.

Identifier Human action Mean HEP (EF)
LD2-CFT Operetors fail 1o detect 18LOCA 0.00G1 (2.05)
LDA2-CFT Operators fail to diagnose ISLOCA 0.0001 (43.37)
LI2-CFT Operators fail to isolate ISLOCA 0.149 (5)

LD2-LP Operators fail to detect ISLOCA D003 (11.15)
LDA2-LP Operators fail 1o diagnose ISLOCA 0.01 (10)
LI2-LP Operators toil (o solate ISLOCA 0.148 (5)
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Inspection of the data reveals that failure rute
probabulities are highest for nutigation, isolation,
and errors of commission such as inadvertent
valve lineup after test, or faulty deisions such as
early entry into DHR cooldown. Diagnosis ermors
range on the order of S VE - 01 10 6.0E ~ 03 and,
in many cases, reflect the large amount of time
avarlable for the crew 1o reach an opinion on the
event. Rates for isolation and mitigation were
observed (o be 2.0E ~ 03 and 1.5E - 01, respec-
tively. and reflect the lack of resources availuble
1o crews, These resources, if prosent would have
decreased the fatlure rate estimates. include an
ISLOCA procedure, training on ISLOCA., instry-
mentation, and a procedure for computer alarm
acknowledgement. Without these items, crews
could be forced 1o operate in a knowledge-based
realm duning an ISLOCA,

Table 10 presents latent errors identi{ied during
conduct uf the HRA. Each of the errors is preceded
by the event sequence number and is followed by
the nominal (detailed) HEP value, Description of
the vrror and its sequence are presented in

Appendix D,

Only one error of commission was (dentified as
an initiator (i.e., DM1-SD): operators open
DH-11/12 100 soon in the shutdown cycle. Latent
errors involving vent line configuration shown in
Table 10 can be of cither the omission or commis-
sion type, The low failure rate for DM2-SU
reflects the double verification for these valves as
called out by both procedures SP-03130, “Decay
Heat Removal Systemw Isolation Test,” and
OP 00008, “Operatior and Control of Locked
Valves.”

4.2.2 Detalled Breakdown of Human Error
Actions. Tabie 11 represents the distribution of
errors modeled in support of ISLOCA evaluation
at a4 B&W plant. The tabled values include all
errors modeled i the supporting fault trees and
HRA event trees.

As these data indicate, the majority of error
types appearing in the present analysis fall into the
omission category. This is in keeping with con-
temporary PRA. What is unique about this
ISLOCA PRA is that some 20% of the human

NUREG/CR-5604

errors modeled are from commission and coniplex
commission decision-based sources. Although
caution should be taken when extrapoluting from
one plant’s data, these results do indicate ihat
existing PRAs may significantly under-represent
human contribution 10 systems failure.

4.2.3 Decision-Based Errors. The ruies for
decision-based errars presented in Table 12 were
detived using THERP and engineering judge-
ment techniques. While these failure rates apply
to those decision-based errors identified and
quantified in the B&W ISLOCA analvsis, they are
not fimited 1o instances where the action is the
top-level action in an event sequence. To learn
more aboul where a particular decision-based
failure fits within an action flow, the sequence
identifiers, task descriptions, failure rates, and
EFs are presented in Table 12 (see Appendices 1)
and E for more detail).

4.2.4 Human Factors Influence on the Risk
Associated with ISLOCA. The current analy
sis indicates that human errors, particularly, errors
of commission, are comributors 1o the CDF for
ISLOCA sequences. However, it is premature at
the present time to say whether, in Reason's
terminology,”™ “active” errors such as the decision
to prematurely enter DHR, or the human contribu-
tion to risk due from “latent” errors will be
important at other plants. In the present case, both
of these types of ertors of commission played a
significant role in assessing the plant’s suscepti-
bility to ISLOCA. If training for ISLOCA had
been available at the plant and if personnel had
tharough ISLOCA pro-edures, then the probabil-
ity for ISLOCA would be reduced. Proce-
duralizing crew response to computer alams and
providing additional indication of valve status
would also reduce risk.

4.3 Reference B&W Plant Event
Trees

The following sections o.scribe the event frees
developed for the five 'SLOCA sequences. The
quantification of the event trees is based on a
yearly time frame. This s reflected in the fre-
quency of the initial event-tree event. This
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Table 10.  Latent errors.
Sequence Event description Mean HEP
HVI-MU HP vent line left open 0.0013
HVI-HP HP vent line left open 0.0013
DM1-SU MOVs DH 11 and 12 left open 0.0002
DM2.SU Local valves DH 21 and 23 left open 0.0002
Table 1.  Distribution of erro from supporting analyses.
Omis ion Sumple commission Decision-based
Frequency 100 17 13
Percent (%) 7% 13% 10%
Table 12. Decision-based errors (either task or subtask values).

Identifier Description 7 HEP (EF)
HDA2-MU, HP* ROs faul to conclude 1SLOCA (from prior tasks) 0.006 (14.93)
HI2-MU, HP ROs fail to solate HP2A, urdo what was just done 0.002 (3)

DMi SD ROs decide on early entry into DHR 0.00066 (10.01)

DDA1-SD* ROs fwil to conclude ISLOCA from event signature 0.006 (14.93)

DI2.SD* Crew fails to send instrument and controi technicians 0.008 (5)
10 remove jumpers (total HEP = 9.0E - 05)

DM2.SU RO fuil to close DH21 and 23 0.0002 (4.85)

DAL-SU-A ROs fail to recognize ISLOCA from event signature 0.52 (1.6)°
(local valves open; relief valve opens)

DAIL-SU-B ROs fail 10 recognize 1S1.OCA from event signature 0.59 (1.5)*
(local valves apen; relief valve fails closed)

DAL-S ROs fail to recognize ISLOCA from event signature 0.29 (2.5
(MOVs open: relief valve opens)

DA1-SU-D ROs fail to recognize ISLOCA from event signature (143 (1.9
(MOVs open; relief valve fails closed)

LDA2-CFT® ROs fail to conclude ISLOCA -core after rupture 0.0001 (43.37)

LDA2-LP ROs fail to conclude ISLOCA from past rupture 0.01 (1)

a lndicﬁm sublask vitlues.

information

b Indicates engineering judgement used 10 estimate HEP.
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pump suction being the most likely location (at
71% probability, see Listing 1X in Appendix H)
The MUKP event tree is described in Appen-
dix D.

4.3.2 High-Pressure Injection System
Interface Event Tree—HPL I icure |1 showsa
schematic diagram of the interface between the
HPI system and the RCS. The ISLOCA event tree
for this system is shown in Figure 12, Each of the
two HPL pump trains branch into (wo injection
legs, with each ingection leg discharging into one
of the RCS cold legs. As mentioned in the
description of the MU&P event tree, the PIB i«
mamtained by two check valves that are welded
together, a normally closed MOV (stroke tested
guarterly), and the HPI pump discharge check
vilve. Because the MU&P system provides nor-
mal makeup 1o the RCS through a connection in
HPL leg A, that line is analyzed separately, The
other three injection legs are modeled together in
the HPI event tree.

The analysis of the HPl interface produced rup-
ture scenarios that are identical to those discussed
previously (for the HU&P event tree). The HPI
event tree is described in more detail in Appen-
dix D.

4.3.3 DHR Letdown (Shutdown) Interface
Event Tree-—~DHR-SD. Once plant shutdown
has been initiated, the control room operators
monitor the primary system pressure and temper-
ature in order to ensure adherence to the hmits
and requirements governing shutdown (e g., at
the reference B&W plant, the cooldown rate 1s
limited to 100°F/hour for temperatures above
270°F, and SO°F for temperatures below 270°F),
When the RCS temperature and pressure are
reduced to approximately 280°F and 266 psig,
respectively, DHR operation is initisted. Fig-
ure 13 shows a schematic diagram of the interface
between the DHR letdown line and the RCS. The
ISLOCA event tree for this interface 1s shown in
Figure 14, The scenario of interest here hegins
with the premature opening of the DHR letdown
line (MOVs DH-11 and DH-12) and s based on
the premise that shutdown cooling has begun as a
result of a human error, This generic error is the

13
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result of the control room operators either (o mis
judge the need for DHR, misread the cooldown
carve, misinterpret the system indicators, or mis-
understand the procedures and instructions, eic
“Be pressure and temperature of the RCS car be
ywhere from 2,200 psi and 600°F 10 266 psi
w0l 280°F. The lower end of the pressure range
would seem likely in those cases where plant
shutdown proceeds expeditiously, while the high
end of the range might be possible if the plant has
spent an unusually loog tme in hot standby.

One area of interest relates o the plant proce-
dures for mitiating DHR operations. The two DHR
letdown MOVs (DH- 11 and DH-12) are inter-
locked with RCS pressure such that thev cannot be
opened il the RCS pressure 1s above 301 psi for
DH-11 and 266 psi for DH-12. Because of a dead-
band in the interlock for DH-12, the procedure
allows the operatots to jumper-out the relays in
ardet 1o bypass the interkock if the valve does not
open. The contribution to the ISLOCA nisk may be
increased by @ crew that is familiar with this por-
tion of the provedure that allows bypassing this
protective safety feature,

The key event for this sequence is the postulated
human error of entering DHR cooling when 1t s
not required. A human error of this type constitutes
an error of commission, either in execution or
intention. Typically, errors of commission have
not been addressed in past probabilistic safety
analyses. However, the existence of errors of
commission is clearly supported by historical
experience (e, LERs) and Appendix A contains
a set of events in which errors of commission
played a significant role. As discussed in Sec-
tion 2, the LER data hase was examined for events
in which operators inappropriately opened MOV,
The result of this analysis, documented in Appen-
dix A, produced error rates on the order of
1LOE - 07 per hour, Assuming a fault exposure
time of about 10 hours per reactor-year (time
associated with plaut startup and shutdown when
errors of this type are most likely). generate fatlure
rates of 1 .0E = 06 per reactor-year. This rute
prohably represents a lower bound on the industry
wide average given the nonconservalisms
assoctated with the LER systern (see Appendix A

NUREG/CR-5604
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HP!l Sequence Initigted by MOV Stroke Test in
Combination With Bockleokoge of Two Check Volves

B&W Plant
Wl legs C & D

Figure 11. Schematic diagram of the HPI interface.

for a more complete discussion of using LERs fur
failure rates).

Assuming that it is possible for a kaman error
10 occur that allows for a premature initiation of
DHR cooling, the probability of premature initia-
tion is then a function of RCS pressure (ic., an
operations crew is more hikely to enter DHR
cooling at 400 psi in contrast 10 2,000 psi). As &
result, an exponential probabiliy distribution was
assumed (see Appendix D for a more complete
description of this model). This distribution was
used to weight the HEP by the expected RCS
pressure. This modified HEP in turn was used 1o
calculate the DHR sysiem rupture probability.
This process generated an aggregated large-
rupture failure provability of 0.11 for the three
like!y large-rupture locations (see Appendix H.
Listing 34, for pressure dependent system failure
probabilities). These rupture locations can be
identified from Listing 29 in Appendix H and
are as fol'ows: (4) the DHR heat exchanger,
(b) the containment sump suction line between

NUREG/CR-5604

valves DH-2733(4) snd DH-9B(A). and (¢) the
DHR letdown line immediately downstream
of DH-11.

A bounding calculation was performed 1o esti-
mate the time to core uncovery for this sequence.
The estimate produced a minimum time of
approxiv ately & hours, which was ued in the
HRA to estimate HEPs for recovering from a
DHR-ISLOCA sequence (see Appendix G). The
event tree for this sequence 1s more fully detailed
in Appendix D.

4.3.4 DHR Letdown (Startup) Interface
Event Tree—DHR-SU. The DHR system ay
be overpressurized if the DHR letdown lire
remains open while the RCS is being heated up
and pressurized. The schematic diagram of the
DHR interface with the RCS is shown agam in
Figure 15 and the ISLOCA event tree for this
system is shown in Figure 16. There are two ways
in which RCS water can enter the DHR system:
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4.0.0 Auxiliary Building Environmental
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* ’ A 12-in. break with discharge into
‘ Room 236 of the auxiliary building
,
4
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The CONTAIN?? computer code was used 10
calculaie th time response of the auxiliary build-
ing parameters. The CONTAIN code is 4 comtain-
ment inodehing code. This software pach age has
adequate steam condensation heat transfer models
for the scenarios of intevest. The vode also pro-
vides engineered systerms models. These system
maodels allow analysis ¢f fir> sprays. compartment
sumps, and drainage paths between compari-
ments, The approach used in these calculations
was 10 construct detailed cell models of compan-
ments with ECCS equipment. These compart-
ments were selected based on the belief that they
might be affected by an ISLOCA. These row s
were idencified te be auxiliary building rooms
numbered in this analysis as 105, 115, 118, and
236. The remaining spaces in the plant were
lumped into a single balance of plant volume.

The CONTAIN nodalization included a best
estimate representation of the important geometric
parameiers that influenced the analysis. These
parameters are the (a) gas volume of each com-
partment, (b) Now loss charactenistics, (¢) arca
of 1low patns between each compartment,
(d) description of the heat transfer surfaces within
each comparrment, and (¢} description of drainage
paths between compartments. The nodalizatien
allowed the software to estimate poe! depths in
each compartment. In additran 1o hiquid tlow out
the break, these water pools resulted from the con-
densation of steam, discharge from the fire sprays,
and flow from adjacent compartments (hoth con-
densate and fire water). The flooding phenomena
15 an important aspect of the large break
sequences. Flooding is important because the
large break discharge flow rates quickly fill the
compartment sumps. This discharge causes flood-
ing of adjacent compartiments and also results in
flooding o compartments at lower elevations
One of the four compartmenis modeled in detail
(Room 236) has fire sprays. These sprays can be
expected to be actuated early in an ISLOCA
sequence. The result is that the fire sprays can con-
tribute to compartment and auxiliary building
flooding.

Compartment sump pumps, fan coolers, and
pump heat were excluded from the model The

NUREG/CR-5604
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sump pumps were excluded because they do not
have adequate capacity 1o vomove the break dis-
charge condensate, Neither do the sump pumps
neve the capacity 1o remove the water discharged
from ihe multiple firewater spray locations in the
auxihary building. The impact of sump pump
eperation was evaluated gualitatively in the small
break sequences where the combined accumula-
tion of water from these sources was close 1o snmp
pump capacity. Pump heat was neglected in the
analysis because the heat would be removed by the
fan ceolers. The fan coolers were not modeled
because a large fraction of their capacity would be
used to remove pump heat.

The CONTAIN calculations performed for this
H&W reference plant indicate that pressurization
of the auxihiary building 1s limited 1o less than
1 psig. This is because the auxiliary butlding's
vompartnents aic well connected te one another.
The modeling parareters that atfect the calcutaied
pressure nse between compartments are (a} flow
area, (b) discharge coefficient, and (¢) the length/
diam-ter ratio. These parameters were all
accurately maodeled for the ECCS rooms.

The uncertainties associated with the pressure
calcuiation are assoctated with the number of flow
Junctions neglected in the balance of plant portion
of the modei. The largest pressure drop in the aux-
thary building’s model occurs 1s the fluid passes
from the break compartment to the immediately
adjacent compartment. At each successive flow
Junction, the mass flow is reduced by the steam
mass condensed by passing through each compart-
ment. Th- affective flow area associated with the
flow increases as more and more parallel flow
paths become available to the fluid in the auxiliary
building. Pressure drops in the auxiliary building
at each succeedig junction therefore decrease as
distance from the break increases. This pressure
drop dbehavior of the auxiliary building 'eads to an
important conclusion. This conclusion is that
refinements to the CONTAIN nodalization would
not have a appreciable affect on the calculated
pedk pressure rise of the auxiliary building

The C "NTAIN software package predicts that
for the range of break sizes anal_ ed, the tlempera-
tures in the augiliary building do notexceed 21 2°F,
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The HRA used only rough estimates of the
time to core uncovery. This 1+ judged adequate
since even the shortest time estimate is sufficient
for performing the nvcessary recovery actions,
That 15, time constraints do not adversely affect
the performance of the operators and is therefore
not & critical parameter in the analysis, Other fac-
tors contributing to the decision 1o use rough time
estimates in the HRA are the uncertainties in the
codes, the models, and boundary conditions of the
ISLOCA. The core uncovery times used in the
HRA for the B&W reference plant are 2 hours for
the DHR and LPI sequences and 4 howrs for the
HP1 and MU&P sequences.

4.3.7.2 Equipment Available for Recov-
ery. There are isolation valves that when closed
will isolate the break in all of the ISLOCA scenar-
108 studied here. This capability to isolate
ISLOCA leaks is believed to be generiz. As an
example of the ability to isolate a pi, ¢ break,
consider the following two recovery act, ms:

1. When the initiating event is a failure of a
check valve, there are typically motor oper-
ated isolation valves available that could be
¢rosed to provide isolation,

o

When the primary interfacing system isola-
tion is via MOVs, their dominant fatlure
mode is inadvertent operation (caused by
human error). Inadvertent operation of
MOV« is usually recoverable.

One break isolation issue that does remain is the
capability of the MOV to operate in a high delia-P
envir~- - ent. For this analysis, calculations were
made t  Stimate the maximum delta-P in which
the valves could operate. These calculations are
documented in Appendix C, Section C.5. The
results of these calculations support the conclusion
that the MOVs identified for the B& W reference
plant have the capability of closing on high delta-P.
These calculations are based on new INEL exper-

imental data. The new duta and the calouations of

Appendix C are not in complete agreement with
the valve's original design information.
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4.3.7.3 Indicators and Procedures. f un
ISLOCA were to oceur, instrumentation is such
that there would be adequate indications to allow
the operators (o correctly diggnosis the situation.
This statement is true provided the operators do
not become distracted and pursue an inefficient or
manpropriate course of action. The ISLOCA indi-
cators the operations crew have to base their
actions on include the primary system moenitors
that signal a loss-of-coolant; local-condition
sensors on the interfucing systems such as temper-
ature, pressure, and flow sensors; and auxiliary
building alarms such as cump pump operation,
radiation alarms, and possibly the fire detestion
systems,

The primar, concern in ensuning proper break
isolation is the applicability of the em2rgency
operating procedwes under ISLOCA conditions.
The interfacing sy<tem accident sequences postu-
lated i this analys's for the reference B&W plant
would be addressed in the plant's alarm panel
anaunciator response procedures. Consequently,
a considerable amouni of time could pass before
the control room crew systematically investigates
the cause of the "LPI low flow” alarm. The alarm
procedure instructs the control room crew o dis-
patch an operator to inspect any accessible LPI or
DH ystem piping. The philosophy used in this
analysis assumed if the operators recognized the
nature of the situation (based on the available
indications), they would then take the necessary
corrective action without expending significant
amounts of time.

4.4 ISLOCA CDF Estimation

Based on the event trees described in
Section 4.1 (and in more detail in Appendix D),
the total ISLOCA CDF for the B&W reference
plant is estimated 1o be 2.2E ~ 06/reactor-year.
Table 15 and Figure 19 provide breakdowns of
this frequency by sequence and release category.
The dominant sequence is the premature opening
of DH-11 and DH- 12 during shatdown (identified
s the DHR-SD sequence). The results show that
tkis human error initiated sequence alorg with
one other (MU&P) contribute slightly more (o the
CDF than the multiple passive hardware failure
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Table 15. Plant-damage state frequencies from ISLOCA sequences for a B&W reference plant

(frequency per reactor-year).

Sequence CDF REL-1g REL-m.1 LOCA-ic LK-ncd OK-op

DHR-SU 49E-09 49E - 09 0.0E + 00 T8E~(9 20E-04 SOE-07
DHR-SD LIE-06 LIE =06 0.0E +00 0L.OE 400 30DE~04 3.6E—-04
LPI 9.7E--07 9TE-07 C.OE + 00 8.1E~OX% 5.6F ~ 06 SSE~-06
HP| 14E~08 14E— 08 0.0E + 00 0.0E 4 00 1.8E-06 |.6E ~ 03
MU&P 1LOE~07 LOE-07 0.0E + (0 0.0E 4+ 00 9.7E-04 9.I1E~-03
Totals 2.2E-06 2.2E~06 0.0E + 00 ROE- 08 LSE-03 LIE-02

Total CDI 2.2 - 06/reactor-year (sum of large and mitigated release frequencies)

Plani-damape state definitions:

REL-Ig-  ‘orc damage with a large unmitigated radioactive release.

REL-mit Core damage but radioactive release is mitigated.

LOCA ik ~Sequencs results in a LOCA inside containment,

Leak-ncc ~Reactor coolant is lost, but s either too small to be significant or is isclated before core

dan age occurs (ne core damage).

OK-op-Jnterfacing system is overpressurized but does not rupture.

sequence (e, LPI). The hardware dominated
sequences a ¢ similar to the classical event-V cate-
gory of seq ences tha, are typically »xamned in
current PR As. One consequence of modeling
humen erro initiated sequences is the relatively
high likelih wod of leaks and overpressure events
predicted by the models. This finding is supported
by historical exper.ence, which indicates that
improper valve lineups are much more likely
causes of oreraitonal events than are hardware
fatlures. Fu ther, the historical experience indi-
cates that si dden, catastrophic valve failure has
never occuned, Consequently, although less con-
servutive hardware failure probsbilities were used
in this study than are often used in PRAs, the inclu-
sion of human error contributions to the ISLGCA
sequences produces an overall ISLOCA CDF
slightly mghe rthan those typically reported in past
PRAs.

4.5 Risk Assessment

The consequ nees of the core damage produc-
ing ISLOCA secuences w re estimated using the
modified contai:ment bypass source term from
the Oconee PRA 7 and estimated DFs based on
NUREG-1150.7 Although the Oconee results
were developad so ne years ago, the current gen-

47

eraticn of source i(erm estimates are not
significantly different. A%ter the conditional con-
sequences were cateulated using the modified
Oconee intormation and the estimated DFs, they
wer: combined with the release category frequen-
cie. calculated here producing a point estimate of
the 1SLOCA risk. (The conditional consequences
for a range of decontamination factors are listed in
Table 16.) Two release categories were used for
binning the e vent tree end states; mitigated and
unmitigated (i.e.. large) releases. A DF of | was
assumed for the auxiliary building release {large or
dry release) and a DF of 10 was used for the miti-
gated release (fire protection sprays or wet
release), NUREG- 1150 used a weighted average
DF for the wet release of 18.5 and a median value
of 8.5.26 Additional work on estimating DFs for
auxiliary buildings has been sponsored by Electni-
cal Power Research Institute (EPRI) using the
Modular Accident Analysis Program (MAAP)
3.0B cod 2.* This work would seem (o support DFs

a.  Electric Powe, Research Institute, Evaludiion of
the Consequerces of Containment Bypass Scenarios,
EPRI-NP-6386-L., November 1989, This report con-
tains proprietary information that 1s not available (o
the general public; however, the results of this study
were made available to the INEL analysts for review.

NUREG/CR-5604
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DHR-S0D (48 3%)
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MU&® (4 B%)

HRPL €0 6%
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Figure 19. Sequence contribution 1. total ISLUCA CDF.

Table 16. MACCS consequence results for a range of possible DFs (Oconee source term, scaled 1o the
B&W reference-plant power, and the Surry site).

Consequence measure DF =1 DF=5§ DF = 10 DF = 100
Population dose (person-rem, S0-mi) 28E 406 L.3E + 06 9.7E+05 29E + 05
Latent cancers (total grid) 45E+03 I.SE +03 8.9E +02 | 4E+ 02
Early fatalitics 3ARE- 02 30E - 04 S.8E - 0§ 1.2E - 06

NUREG/CR-5604 4%
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for a dry release in the range of 3 10 80, depending
on the specific configuration of the auxiliary
building. Wet release DFs, with either a flooded
break location or sprays available, ranged from <0
on up. These DFs while not fully supported by
experimental data, tend to indicate that the source
terms used in this analysis orovide a reasonable
estimate of the expected consequences of an
ISLOCA. In addition, the EPRI calculations may
lis ¢ under-estimated the amount of hydrogen
expected 1o be generated. Increasing the amount of
hydrogen could (if ihe hydrogen burns) lead to
reduced DFs.

When reviewing the consequence and risk esti-
mates, several aspects of this calculation should
be kept in mind. Many measures of risk are avail-
able and have been used in recent studies
(e.g., NUREG-1150%). However, to produce
these estimates, many sequ :nce-specific and site-
specific assumptions must be made from the cost
of land to the warning time available before a
release occurs. These assumptions can have sig-
nificant effects on the consequences calculeed by
MACCS .2 For example, a sensitivity calculation
was made (although not documented) where the
release timing was changed from that postulated
for the Oconee V-sequence to that assumed for
the original NUREG- 1150 Surry analys s. Fopu-
lation dose and cancer fatalities were relatively
unchanged, but early fatalities increased by a fac-
tor of 20. The major influence on this change is
the relation between the start of evacuation
(deterinined by summing the waming time and
the evacuation delay time s and the time and dura-
tion of the release. Conversely, population dose

B&W Reference Plant Results

and lateut cancers, which are the result of long-
rerm effects (1e., the people move back onto
slightly contaminated land and accumulate a life-
time radiation dosc), seem to be very robust con-
sequence measures, insensitive to timing
assumptions. The ISLOCA risks for the refer-
ence B&W plant are shown in Table 17,

4.6 Sensitivity Study Results

Because human errors dominate the r s for
the reference B&W plant, the major effort in
evaluating the effects of uncerta nty, and the
sensitivity of major issues on risk, was devoted 1o
the HRA. The one exception to this is an analysis
of the effects of the uncertainty in pipe rupture
pressures on the CDF of the DHR-SD sequence,
whach will be described first.

4.6.1 Pipe Rupture Pressure Uncertainty.
Because of the ditficulty in predicting the exis-
tence of flaws in piping, the uncertzinty on the
median pipe rupture pressure is estimated to be
greater than for any other componer:t. The rela-
tively wide distribution on failure pressire gener-
ates correspondingly large farlure probabilities
for system pressures less than the median failure
pressure. It was therefore decided to test a
hypotheses that the relative importance of pipe
ruptures in ISLOCA sequences was an artifact of
this uncertainty. The DHR-SD sequence was cho-
sen for evaluating the effect of the uncertainty in
pipe rupture pressures on the CDF for the follow-
ing twao reasons: (a) it represents the dominant
core damuge sequence, and (b) it is analyzed on a
weighted average of the range of possible system

Table 17  ISLOCA risk for the B&EW reference plant (Oconee source term, scaled 1o reference-plant

power, and the Surry site),
REL-lg REL-mit
Risk measure DF =1 _DE=10 Total
Population dose (person-rem, 50-mi) 6.0 0 6.0
Latent cancers (total grid) 9.6 - 03 0 9.6E~03
Early fatalities 7.7E~08 0 7.7E - (08
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pressures. That 1s, system rupture calculations
were performed for RCS pressures ranging fror
400 to 2,200 psig. The conditional rupture proba-
bilities were then weighted by the probability thai
the control room operators would prematurely
open the DHR-letdown isolation valves (DH-11
and DH-12). The HEPs, in tumn, are dependant on
the RCS pressure such thet it is about 1,000 times
less likely that the valves would be prematurely
opened at 2,200 psig when compared to the HEP
at 400 psi. This process produced a large-rupture
probability of 0.11, conditional on the premature
opening of DH-11 and DH-12 at some unspeci-
fied RCS pressure between 400 and 2,200 psig.

The uncertainty in the pipe rupture pressure is
expressed as the logarithmic standard deviation

L a4 S S e e e

of the fatlure pressure. The failure pressure is
assumed to be lognormally distributed. The loga-
rithmic standard deviation then describes the
spread in the corresponding normal distribution
of the failure pressure fi.e., the standard deviation
of In(failure pressure)). The best estimate of the
loganthmic standard deviation is 0.36, which rep-
resents the base case. The sensitivity case was
calculated assuming the »certainty in the failure
pressure could be reduced such that the loganth-
mi¢ standard deviation (log-std-dev) would be
0.1. This represents an extremety low value for
this parameter (subsequent information indicated
that a value of 0.26 would be a realistic lower
limit). Tables 18 and 19 show *he pressure
dependent and the HEP-weighted s <tem rupture

Table 18. DHR system rupture probabilities (weighted by the HEP of prematurely opening DH-11/12) as
a function of RCS pressure (pipe failure pressure log-std-dev = 0.36).

HEP-weighted system rupture

RCS System rupture probability probability

pressure
(psig) HEP Large Small No leak Large Small No leak

2.200 2AE-07 | 0 0 21IE~-07 0 0

2,100 JIE-07 999E~-0]1 1E-03 0 JNE-07 43E~-10 0O

2,000 45E-07 997E-01 3E-03 0 45E-07 LIE-089 D

1,900 b 7E~-07 995E-01 SE-03 0 6.6E-07 31IE-(® 0

1.800 CRE~-07 9S%4E-01 6E-03 0 STE-07 G63E-09 0O

1,700 I4E-06 991E-01 9E-03 0 I4E-06 I3E-08 0O

1,600 2.1IE-06 9B83E~01 17E-02 0O 2.IE-06 37E-08 0

1,500 JIE~06 YS4E-01 36E-02 0 J0E-06 LIE-07 0O

1,400 45E-06 920E-01 BOE-02 O 42E-06 36E-07 O

1,300 6TE-06 BR3IGE--01 1.4E-01 0 S6E~-06 LIE~-06 O

1,200 98E-06 TOSE-01 295E~01 0 69E~06 29E-06 0

1,100 LAE-=08 S51E-=01 449 E-01 0 TOE-06 64E-06 0

1,000 2IE~-08 403E-01 3597E-01 1E~-(4 RSE-06 I13E~-05 2 I1E~(®
Gk} JIE-05 28IE-01 7.18E-01 '%-03 B7E-06 22E~-05 235E-08
800 45E-05 1L78E-01 R I10E-01 £L£-02 BIE~06 37E-05 S3E-07
700 67E-05 1OOE-01 BOME-01 YIE-02 6TJE-06 S4E-05 6I1E-06
600 98E~05 SOE-02 SB8O0E-ul 370E-01I 49E-06 S57E-05 36E-03
500 14E-04 2. ]JE-02 193E-01 786E-01 3 IE-06 2RE~05 LIE =04
400 21E~04  TE-03 12E-02 9RIE-01 14E~06 26E—-06 2IE~(M

Total 6.6E — 04 I13E-01 33BE-01 S5.48E -0l
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Table 20. Sensitivity of pipe rupture pressure uncertainty on DHR-SD sequence CDF (per reactor-year).
Base case, log-std-dev = 0.36; seusitivity case, log-std-dev = 0.1,

Damage state Base case Sensitivity, case
OK-op IGE~04 3TE-0A
LK-ncd J0E- 04 29E -4
LOCA-i¢ 0 0
REL-miut 0 0
REL-lg I.1E~ 06 3.5E 07
DHR-SD total core damage 1IE-06 ISE-07

vaives, DH-11 and DH-12) vary as a function of
RCS pressure. The second HREA sensitivity case
studies the effect of optimizing the conditions at
the B“W plant with respect to operator perfor-
mance. In this case, the performance shaping fac-
tors are assumed to result in positive influeny s
and produce relatively low HEPs,

4.6.2.1 Initiation of DHR-SD Sequence.
The HEP for prematurely opening the DHR let-
down valves during shutdown is tuken as a cumu-
lative probability that the action 15 performed
before the RCS pressure is reduced 1o 300 psig.
Because the probability of ='pturing the DHR
system is lependent on the actual RCS pressure,
it 1s necexssary to allocate the HEP across the
range of pessible pressures. In the base case
analysis, this HEP s distributed such that the
probability of npening the valves at 2,200 psig is
about 1,000 times less likely when compared to
the value at 400 psig (i.e., relative weights of
0.001 and 1.0, respectively). This sensitivity
study identifies the effect of weighing the HEPs
more toward the low- pressure end. Specifically,
the first sensitivity case uses a elative weighing
ot 1L.OE - 04 at 2,200 psig (compared 1o a weight
of 1.0 for 400 paig). Once the relative weighing of
the HEPs was estimated. a linear regression line
was generated on the log(HEP). This line was
then used to calculate the appropriaie probability
distribution that yielded the estimated cumulative
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probability of 6.6E ~ 04, as calculated by tue
HRA. This portion of the process is shown in
Tables 21 and 22. The calculation of the pressure
dependent HEPs for the sensitivity case is shown
in Table 23 (the base case is shown on Table |8).
The result of this study is that the CDF is reduced
by a factor of approximately two. This sensitivity
case represents a likely and realistic alternative to
the assumptions made for the base case. Although
the base case represents the best estimate for
modeling this sequence based on the expenience
of the analysts and the.r familiarity with both the
subject B&W plant and the historical data, an
argument could be made for a less conservative
treatment. The results of this sensitivity case * ~
vide an estimate of the change in results for e
less conservative treatment of this human error,
namely a reduction in CDF by a factor of two.

A second sensitivity case was evaluated in
which an absolate upper bound on RCS pressure
of 1,000 pst was used. In this situation, a linear
weighing scheme of between 400 and 1,000 psi
provided the basi . of the HEP distribution. The
regression analysis for this case is presented in
Table 24 and the pressure dependent HEPs and
rupture probabilities are presented in Table 25
Table 26 hsts the results of this analysis along
w1 the base case estimates of CDF and risk for
the DHR-SD sequence.
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Table 23. DHR system rupture probabilities (weighted by the HEP of prematurely opening DH-11/12) as
a function of RCS pressure. Sensitivity case for relative weight of 1.OE - 04 at RCS pressure of 2,200 psig.

RCS HEP-weighted system rupture

pressure System rupture probability probability
(psig) HEP Large Smiail No leak Large Small No leak

2,200 26E<08  1.000 0 0 26E-08 0 4

2,400 44E-08 O999E~-01 1E-03 0 44E-08 6.1E~11 0

2,000 TAE-08 997E-01 3E-03 0 T3E-08 19E-10 0

1,500 12E-07 99SE-01 SE-03 0 1 2E~07 S56E-10 0

1.800 20E-07 994E-01 6E~03 0 20E-07 13E-09 0O

1,700 JA4E-07 99'€-01 9E-03 0 J4E~07 30E-09 0O

1,600 STE-07 983E~0! 17E-02 0 S56E~-G7 10E-08 O

1.500 95SE~07 964E--01 36E~-02 0 O2E-07 34E-08 0O

1,400 16E~06 920E-0i KOE-02 0 IL.SE-06 13E~-07 0O

1,300 26E-06 B3GE-01 1.64E-0x O 22E - 43E-07 0

1.200 «4E-06 7.0SE-01 29SE-01 0 JIE~-06 13E-06 O

1,100 TAE-06 SSIE-01 449E-01 0 41E~06 33E-0 O

1,000 12E~0f 4.03E -01 S97£E-01 |E- 4YE-06 T73E-06 12E-00
900 OE~05 281E~ul 7.1BE-01 IE-03 STE~06 1.5E~-05 1.6E - 08
8OO 34E~95 178E-01 R.10E-01 12E-02 6.1E-06 28E-05 4.0E-07
700 STE-05 LOOE-01 BWE-01 91E~02 STE-06 46E-05 S2E-06
Ly 95E~-05 S0E-02 S80E-( 370E~01 47E-06 S5S5E-05 3ASE-05
500 16E-04 2 1E-02 193E~01 786E-01 34E-06 31E-05 12E-(M4
400 26E-04 TE-03 120-02  9RIE-0O1 {7E-06 33E-06 26E-(04

Total 6.6E — (M 69E-02 288E-01 643E-CI

Table 24. Relative weighing of HEP as a function of RCS pressur., sensitivity case. Regressic used for
estimating pressure dependent HEPs (Sensitivity Case #2).

RCS
pressure Relative
(psi) HEP Regression output
1000 0 Constant 166667
800 0.333333 Standard error of Y estimat J16E (7
600 0. 666667 R squared |
400 | Number of observations 4
Degrees st freedom 2
X coefficient(s) (.00167
Standard error of coetficient 7.07E- 10
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5. OBSERVATIONS

v 5.1 B&W Reference Plant-
: Specific Observations




5.2 Generalized Observations
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